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Abstract
This report presents searches for neutral Higgs bosons produced at LEP in asso-
ciation with a Z boson, in pairs and in the Yukawa process. Higgs boson decays
into b-quarks, tau leptons, or other Higgs bosons are considered, giving rise to 4b,
4b+jets, 6b, 2b2τ and 4τ final states. The whole mass domain kinematically avail-
able at LEP in these topologies is covered.
The analysed data set covers both the LEP1 and LEP2 energy ranges and exploits
most of the luminosity recorded by the Delphi experiment. Results are presented in
the form of mass-dependent upper bounds on coupling factors (in units of model-
independent reference cross-sections) for all processes, allowing interpretation of the
data in arbitrary models. All exclusions are given at the 95%CL.
Contributed Paper for ICHEP 2002 (Amsterdam)
1 Introduction
As is well known, the standard model of electroweak interactions describes the avail-
able data with considerable accuracy, only lacking evidence for its scalar sector as final
confirmation [1].
This note reports on searches for Higgs bosons as general as is allowed by preserving
the current level of agreement between prediction and measurement. Beyond the simplest
one-doublet scalar sector of the Standard Model, any model with arbitrary numbers of
Higgs doublets and singlets will satisfy the above conditions, in particular concerning the
relation between the electroweak gauge boson masses and the SU(2)×U(1) mixing angle.
To satisfy the constraint given by the apparent weakness of flavour-changing neutral
currents, it is generally imposed in addition that every fermion couples to at most one
Higgs doublet [2].
Within this framework, the simplest extensions of the Standard Model are the so-
called Two-Higgs Doublet Models (2HDM), of which various types exist, depending on
the choice of the scalar couplings to fermions. The first type assumes that one doublet
only couples to fermions while the other one couples to gauge bosons. The resulting final
states display Higgs boson decays into photon pairs, and are studied in [3]. The second and
most studied type assumes that one doublet couples to the up-type fermions (neutrinos
and the u,c,t quarks) while the other one couples to down-type fermions (charged leptons
and the d,s and b quarks). Depending on the mixing of the two doublets, the dominant
Higgs boson decays will be either c-quarks and/or gluons (these final states are searched
for in [4]), or b-quarks and τ -leptons. This last case is the focus of this report.
Let us mention finally a third possible choice of couplings, in which one Higgs doublet
couples to leptons only, while the other couples to quarks. In this unexplored case, the
dominant Higgs boson decay modes may be leptonic, leading, in the case of Higgs boson
pair production, to the striking 4-τ final state. An extensive study of this process is
performed here for the first time.
1.1 Signals considered in this report
The extension of the Standard Model Higgs sector by at least one doublet significantly
enriches its phenomenology. The Higgs boson spectrum consists of a number of CP-even
Higgs bosons (denoted h), CP-odd Higgs bosons (A) and pairs of charged scalars H±.
Neutral Higgs boson production mechanisms at LEP are the Bjorken process (e+e− → hZ),
pair production (e+e− → hA) and Yukawa radiation off heavy fermions (e+e− → f f¯ h and
e+e− → f f¯ A). The cross-sections of the first two, gauge-mediated processes are (up to
kinematic factors) bound by the standard model hZ cross-section; mixing of Higgs doublets
induces partial or total suppression with respect to this reference. The third, fermion-
mediated process can be significantly enhanced compared to the standard model f f¯ h
cross-section, which is too small to be observed at LEP. Diagrams of these processes are
displayed in Figure 1.
Depending on their mass hierarchy, there are also a number of production and decay
chains involving Higgs bosons (see also Figure 2):
1. e+e− → hA → (AA)A and e+e− → hZ → (AA)Z when mh > 2mA ;
2. e+e− → hA → (AZ)A and e+e− → hZ → (AZ)Z when mh > mZ + mA ;
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3. e+e− → hA → h(hZ) when mA > mZ + mh.
Among these, only processes 1 and 3 are explicitly studied here, since to our knowledge,
no physics events generator implements the h → ZA decay. Note however that the h(hZ)
and the (AZ)A processes involve exactly the same masses and vertices, which means that
all distributions are expected to be identical; as a consequence, our h(hZ) results will
be directly translated to the the (AZ)A case with swapped h and A masses. On the
other hand, the (AZ)Z process is of very small relevance to LEP2, since given
√
s and the
presence of two Z bosons in the final states, the open mass domain for h and A is very
small.
We limit our analysis to decays of the lighter Higgs bosons into b quarks or τ letons,
and only the dominant hadronic Z decays are considered. We take the threshold of Higgs
boson decays to b-quarks to be 11 GeV, which slightly exceeds twice the mass of the
lightest B-mesons. If, due to strong corrections this threshold appears to be higher, it is
enough to truncate our results at the relevant Higgs boson mass values.
Further details of the phenomenology (explicit expressions for production rates and
branching fractions) are model dependent(see [5] for descriptions). It is however important
to note that any extension of the higgs sector beyond two doublets doesn’t increase the list
of available final states. We therefore choose the universal approach to extract, for each
process and as a function of the Higgs boson masses, upper bounds on the corresponding
cross-sections. These bounds will be expressed in terms of model-independent reference
cross-sections, defined as follows.
Any final state initiated by e+e− → hZ is conveniently expressed in terms of the stan-
dard model hZ cross-section and suppression factors arising from mixing of the Higgs
doublets and branching fractions. Given what was said above, we have:
σ(AA)Z→4b+had = σ
SM
hZ × BR(Z → had)× RhZ × BR(h → AA)×BR 2(A → bb)
≡ σSMhZ × BR(Z → had)× C2(AA)Z .
In the particular case of the 2HDM (of type II), characterized by two mixing angles α
and β, we would have RhZ = sin
2(α− β), and Γ(A → bb) ∝ tan2 β. The factorization of
the cross-section into a reference cross-section and a term C2 containing all details about
the Higgs sector is general. Our bounds will be placed on C2(AA)Z .
The reference cross-section for e+e− → hA is obtained by computing this process in
the absence of any mixing in the higgs sector, and depends only on electroweak constants
and the h and A Higgs boson masses. It is thus well-suited to express our results in a
model-independent way. The processes that interest us write:
σhA→ffFF = σ
ref
hA × RhA ×BR(h → ff)× BR(A → FF )
≡ σrefhA × C2ffFF ;
σ(AA)A→6b = σ
ref
hA × RhA ×BR(h → AA)× BR 3(A → bb)
≡ σrefhA × C26b;
σh(hZ)→4b+had. = σ
ref
hA × RhA ×BR(A → hZ)×BR 2(h → bb)×BR(Z → had)
≡ σrefhA × BR(Z → had)× C2h(hZ).
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In the 2HDM, we would have RhA = cos
2(α − β). The hA direct decay final states we
consider are hA → 4b, 4τ and for a smaller part of the mass domain, hA → 2b2τ . Our









Reference cross-sections for the Yukawa process are obtained in a similar way. The
stadard model e+e− → bb¯ h cross-section is used for h production. Computing this cross-
section with a suitable (pseudo-scalar) bb¯A vertex gives the reference for A production.
We obtain:
σbb h→2b2τ = σ
SM
bb h × Rbb h × BR(h → ττ) ≡ σSMbb h × C2h→2τ ;
σbb h→4b = σ
SM
bb h × Rbb h × BR(h → bb) ≡ σSMbb h × C2h→2b.







tain all terms specific to the Higgs sector under consideration. In 2HDM(II), the vertex
enhancement factors Rbb¯ h and Rbb¯ A are | sin α/ cosβ|2 and tan β2, respectively.
For the hZ and hA initiated processes, the C2 factors are always products of rotation
matrix elements and branching ratios, and therefore always satisfy C2 < 1. The Yukawa
processes may have C2 > 1 as well, as illustrated by the 2HDM(II) example above.
Our results on the C2 factors may be interpreted in arbitrary extensions of the Higgs
sector. A given point in any specific model’s parameter space is excluded if at least one
process has C2 larger than the measured upper bound.
1.2 Data samples and simulation
The data used in this analysis amount to 79.4 pb−1 collected by DELPHI at LEP1, in
1994 and 1995, and 611.2 pb−1 collected at the highest energies in the years 1998 to 2000.
The subsamples and corresponding center-of-mass energies are listed in table 1.
A detailed description of the DELPHI detector layout and performance was given in [6].
The data analysed in this work were taken in identical conditions up to the last period of
the 2000 campaign, when DELPHI was affected by the failure of one of the twelve sectors
of its main tracking device, the Time Projection Chamber (TPC). A special tracking
algorithm was designed, based on the silicon Vertex Detector, the Inner Detector, and the
Outer Detector, to recover tracks crossing the flawed region. This modification was fully
incorporated in the physics events simulation.
Large Monte-Carlo samples of background and signal events have been produced using
the PYTHIA[7], KK2f[8], EXCALIBUR[9], WPHACT[10] and HZHA[11] event generators. The size
of the 2-quark (QCD) and 4-fermion standard model background samples represent about
50 times the luminosity collected at LEP2, and 2-5 times the luminosity collected at LEP1.
About 105 e+e− → bb¯ h and bb¯ A Yukawa events were produced on the Z resonance
with a generator based on [12]. The h and A bosons were taken to be radiated off primary
b-quarks, and decayed into tau-pairs or b-quark pairs.
The available indirect Higgs boson decay channels were simulated for the LEP2
analyses. (AA)A → bb¯bb¯bb¯ events have been produced for 12 < mA < 50 GeV and
30 < mh < 170 GeV, (AA)Z → qq¯bb¯bb¯ events have been produced for 12 < mA < 50
GeV and 30 < mh < 105 GeV, and hhZ → bb¯bb¯qq¯ events have been produced satisfying
12 < mh < 30 GeV and 110 < mA < 170 GeV. The direct decay processes hA→4τ and
hA→4b have also been generated over the whole kinematically allowed mass range. The
events have been generated at 200 GeV, in mass steps of 10 to 20 GeV.
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Table 1: Center-of-mass energies and corresponding luminosities used in the analysis (the
second number for 2000 corresponds to the luminosity recorded after the failure of one
TPC sector).
year 1998 1999 2000√
s (GeV) 189 192 196 200 202 202 to 208
L (pb−1) 158.0 25.9 76.9 84.2 41.1 164.1 + 61.0
All generated events were subsequently decayed and hadronized using JETSET [7] and
processed through the detailed DELPHI simulation program DELSIM [13].
1.3 Methods common to all analyses
Unless stated otherwise, charged particles are selected if their momentum is greater than
100 MeV/c, and if their measured distance to the interaction point is smaller than 4 cm in
the transverse plane, and than 4cm/sin θ along the beam direction. Neutral particles are
defined as calorimetric clusters not associated to tracks, and are selected if their measured
energy is larger than 200 MeV in the electromagnetic calorimeter, or than 300 MeV in
the hadron calorimeter.
The analyses described below search for τ particles, and the selection criteria partly
rely on the identification of their leptonic decay products. Muons are identified with help
of the muon chambers, where signals coincide with the extrapolation of tracks measured
in the central detectors. Muons are also characterized by energy deposits on the hadron
calorimeter, compatible with minimum ionizing particles. Electrons are identified using
mainly energy loss measurements in the TPC, shower profile variables in the electro-
magnetic calorimeter, and by comparing the measured track momentum and associated
calorimeter energy. For both lepton flavours, the Delphi standard identification tag was
used, with performances given in [6].
The method of selection of b-quarks is described in detail in [14]. variables that
discriminate between fragmented b-quarks (leading to long lived B-hadrons) and ordinary
jets are combined into a single variable, hereafter denoted xb for events and xbi for the
jet of i-th largest b-likeness (in four-jet events, xb1 is the largest jet b-tagging value, and
xb4 is the smallest). contributions to this variable are the compatibility of tracks with the
primary vertex, based on their measured impact parameter; the transverse momentum of
identified leptons w.r.t the jet axis; and the rapidity, effective mass, and fraction of the
jet momentum, of particles assigned to a possible reconstructed secondary vertex.
All search results presented in this report are interpreted using a modified frequentist
technique based on the extended maximum likelihood ratio [15]. For a given experiment,
the test statistic Q is defined as the signal+background (s + b) to background (b) likeli-
hood ratio computed from the number of events observed, and expected from background
and signal. Individual events may optionally carry a signal-to-background ratio based on
a measured discriminating variable, such as the reconstructed mass. Probability density
functions for Q in the b and s+ b hypotheses are built using Monte-Carlo sampling of the
(Poisson-distributed) background and signal expectations, and of the optional discrim-
inating variable distributions. The confidence levels CLb and CLs+b are defined as the
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integrals of the b and s + b PDFs for Q between −∞ and the actually observed value
Qobs. The confidence level in the signal hypothesis, CLs, is conservatively approximated
by the ratio CLs+b/CLb. 1-CLs measures the confidence with which the signal hypothesis
can be rejected, and will be larger than 0.95 for an exclusion confidence of 95%.
2 LEP1 data analysis
2.1 The 4b final state
This section describes a search for neutral Higgs boson production in the 4b channel, via
Yukawa production and pair production at LEP1.
Our previous analysis [16] was based on a reinterpretation of the Delphi measurement
of gluon splitting into bb¯ [17]. This gluon splitting, present namely in Z decays to b-
quarks, induces an irreducible background to Yukawa production of light Higgs bosons
in the 4b topology. However, a measurement of the bbg → bbbb rate also constrains
the bb h/A → 4b contribution. In the present analysis a dedicated search is designed,
exploiting the expected particularities of the signal.
For Higgs boson masses of about half of the Z mass we expect a 4-jet topology, whereas
close to the bb¯ threshold events will display only 3, or even 2-jets. Taking this into
account we develop two selections, corresponding to event reconstructions in 3 and 4 jets,
respectively.
At first, the events are required to contain at least 6 charged particles. At this pres-
election stage we reconstruct 3 jets in all events, and the 2 → 3 jet resolution parameter
y23 of the Durham algorithm [18] should be greater than 0.01. For all reconstructed jets,
the b-tagging values xbi are computed as described above, and ordered from higher to
lower b-likeness. The b-tagging variable of the most b-tagged jet, xb1, is required to be
greater than 0.
The preselection eliminates all backgrounds but hadronic Z0 decays. Non-b hadronic
events are greatly reduced as well. After this step, all events are reconstructed as 3-jet
events and 4-jet events in turn.
The remaining b-tagging discriminating power is contained in the least tagged jets.
The final selection relies on xb3 in the 3-jet topology, and on the sum xb34 = xb3 + xb4 in
the 4-jet topology. Figure 3 displays the distributions of these variables. The dots are the
data, and the thick solid line represents the Monte-Carlo prediction, with a gluon splitting
constant fixed to gbb = 1.5 10
−3. This value is about a factor 2 lower than current World
gbb¯ average, whereas the central value of the theoretical evaluation is gbb¯ = 1.8
+0.4
−0.5 · 10−3
[20]. A fit to the qq¯ and qq¯g → bb¯bb¯ components of the data was performed, and is also
displayed in Figure 3. As can be seen, the fit suggests a larger gluon splitting contribution
than is present in the simulation, in agreement with the previous Delphi measurement.
Considering the large uncertainties affecting the gluon splitting measurements, this larger
gluon splitting contribution is conservatively not taken into account in the background
estimate.
In both 3-jet and 4-jet analyses, two channels were defined for the final analysis (de-
noted bin 1 and bin 2, see again Figure 3). They were chosen to have a similar expected
background, and at least 1% to 2% efficiency in bin 2 for signal events. Numbers of
expected and observed events in the bins defined above are given in Table 2.
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Table 2: Observed events and expected background in the Yukawa 4b analyses.
qq¯ bg. data (94-95)
3-jet topology: bin 1 1.25 < xb3 < 1.5 2.2 ± 0.9 5
bin 2 1.5 < xb3 3.2 ± 1.1 5
4-jet topology: bin 1 0.5 < xb34 < 1.0 3.4 ± 1.1 7
bin 2 1.0 < xb34 3.5 ± 1.0 4
Selection efficiencies for both h and A Yukawa production are shown in Table 10.
The 3-jet anaysis performs better than 4-jet one only for small Higgs boson masses ;
consequently, the 3-jet analysis was used for Higgs masses up to 12 GeV, and the 4-jet
analysis was used for higher masses.
The selection developed for the Yukawa search was directly applied to pair production
of neutral Higgs bosons, with efficiences given in Table 12. The efficiences were evaluated
for both 3-jet and 4-jet analyses, and found to be almost always better in the second case.
The 4-jet analysis was retained for the results interpretation, described in section 3.3.
The systematic uncertainty related to the residual differences between b-tagging effi-
ciency in data and in the simulation was estimated using Ref. [14], where it was shown
that a 10% difference is a conservative upper bound in the case of high b-jet selection pu-
rity (see Figure 20 of [14]). This uncertainty was assumed and added in quadrature to the
the statistical uncertainty from the limited size of the simulation samples. Considering
the many conservative assumptions on data and background described above, no further
systematic uncertainty was assumed on this side.
2.2 The 2b2τ final state
For both Yukawa and pair production, Higgs boson decays into lighter particles will
produce fast and collimated decay products. We will therefore reconstruct three jets in
this final state, of which one is expected to contain a pair of τ leptons leading to few
decay particles. The two other jets, initiated by b-quarks are expected to be of higher
multiplicity.
As in the previous analysis, events were reconstructed in 3 jets using the Durham
algorithm [18]. The b-tagging algorithm was then applied to evaluate the b-likeness at
the event and jet levels.
At the preselection level we require a total event multiplicity of at least 10. As before,
the Duhram parameter y23 should be greater than 0.01. The event b-tagging variable
xb should be greater than 0. The cosine of the angle between the two b-jets (identified
by their b-tagging variables xb1 and xb2) should satisfy cos α12 < 0.9. The preselection
eliminates almost all non-hadronic background components, leaving mostly Z→ bb¯ events.
The jet with smallest b-tagging value is supposed to be induced by the τ pair. Events
with gluon radiation may fake the signal, but gluon jets are usually of high multiplicity,
whereas we expect the τ pair to be narrow and of low multiplicity. In the rest of the selec-
tions, only charged particles of momentum greater than 1 GeV were taken into account.
We require the jet of smallest b-likeness to satisfy a charged multiplicity Nch between 1
and 3. Its broadness, defined as the cosine of the largest angle between two tracks in the
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Table 3: Observed events and expected background in the Yukawa bbττ analysis.
qq¯ qq¯τ+τ− qq¯l+l− total bg. data (94-95)
bbττ topology 10.1 0.1 0.4 10.5 ± 2.3 7
jet, | cos θ|, should be larger than 0.64. The sum of momentum fractions of the two tracks
with the highest momentum in the jet should be greater than 0.5. Furthermore we require
at least one leptonic τ decay, by asking for an identified lepton (muon or electron) with
pt > 1GeV. Figure 4 illustrates three of the selection variables described above.
Finally, we ensure that the other two jets are clearly b-tagged by requiring xb1 to be
greater than 0 and xb2 to be greater than -1. The expected background, its components
and the number of observed events after all selections are show in Table 3.
The selection efficiencies in the bbττ topology are given in the tables 11 and 13 for
Yukawa production and pair production, respectively. Inspection of the residual differ-
ences in rejection between data and expected background, evaluated at the preselection
level and for each cut, leads to a systematic uncertainty of 3.0% on the background ex-
pectation, and to 3.8% on the signal efficiency. These numbers are added in quadrature
to the statitical errors given in Tables 3, 11 and 13.
2.3 Interpretation : Yukawa production
Results of the Yukawa production analysis are presented in the form of mass-dependent






A→2b defined in the introduction, making
the results interpretable in a wide range of models. Reference cross-sections for Yukawa
production of h and A were obtained using [12].
The 2b2τ channel leads to the upper bounds in the mass region between 4 and 12
GeV, see the upper part of Figure 4. The 4b-channel Yukawa exclusion results, shown
in the lower part of Figure 4 were obtained by combining bin 1 and bin 2 as indepen-
dent measurements, in the 3-jet analysis (lower end of the mass range) and in the 4-jet
analysis. In all figures, the full and dashed lines show the observed and median expected
exclusion, respectively. The dark and light bands show the ±1σ and ±2σ ranges around
the median expected exclusion. The slight deficit in the bbττ channel translates into an
exclusion slightly stronger than expected. On the contrary, the excess in the 4b channel
(attributable to the underestimation of gbb¯) induces an eclusion weaker than expected
from the simulation.
In the 4b analysis, the use of the bin 1 channel on top of bin 2 improves the upper
bound by about 10%. Four-jet bin 2 taken alone has a 95% CL limit at 7 events, which
could be compared to our previous result [16] where the limit was set at 50.4 events for
4-8% efficiency. The improvement on C2h→2b and C
2
A→2b is nearly threefold over the whole
mass range.
Explicit numerical exclusion values are given in Table 20 and 19 for the Yukawa pro-
cess. The application of the 2b2τ analysis to hA production yields the results given in
Table 21.
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3 LEP2 data analysis
3.1 Final states with b-quarks
This section describes a search for cascade decays of neutral Higgs bosons, as defined in
section 1.1. The final state will contain six quarks, of which at least four are b-quarks.
In general one would expect a multijet (6-jet) topology. However, if the mass of the
lighter Higgs boson only slightly exceeds 2mb then only 1 clear jet from the lighter Higgs
boson decay may be reconstructed. This then leads to a 3-jet topology in the (AA)A
channel, or to a 4-jet topology in the (AA)Z or h(hZ) channels.
Due to the large range of masses and topologies that are searched for, different signals
often differ more among themselves than from the background. Instead of elaborating
each topology individually we thus have developed an universal method exploiting the
presence of at least four b-quarks.
The preselection used in this analysis has been developed for standard model Higgs bo-
son searches in hadronic events [21], and is briefly outlined here. Multiplicity and energy
flow cuts eliminate radiative and γγ events, while significantly reducing the QCD back-
ground. Selected events are then forced to a 4-jet topology using the Durham algorithm
[18], and the mass of each jet is required to exceed 1.5GeV.
B-tagging information again plays a major role. Variables containing large discrimi-
nating power are the secondary vertex multiplicity Nvg, the b-likeness variables xb1 and
xb2, and the b-likeness sum of the last two jets, xb3 + xb4. Considering the number of
secondary vertex hypotheses Nv, which includes secondary vertices failing the fit-quality
selection (see [19]), nevertheless achieves supplementary discrimination.
A new variable, called b-code, is then defined as the sum of the logical values of the
following conditions (each satisfied condition increases the value of b-code by 1 unit):
b-code = (Nvg > 2) + (Nv > 5) + (xb1 > 2) + (xb2 > 0) + (xb3+4 > −2).
A preselection-level data to simulation comparison of some relevant variables is shown
in Figure 4. The effect of different selections on this variable is shown in Tables 4, 5, 6.
For the final selection, b-code was required to be greater than 3. Since the signal
samples were generated at only one center-of-mass energy (namely
√
s =200GeV), a
procedure was designed to estimate the efficiencies at the other energies. To do so, the
four-momenta of the primary bosons were rescaled to correspond to the desired centre-
of-mass energy, and all particles coming from the primary pair were boosted accordingly.
Rescaled events were analysed using the analysis chain described above. The validity of
this procedure was verified using a few dedicated samples of given processes and Higgs
boson masses simulated at the extreme center-of-mass energies, i.e. 189 and 208 GeV.
The signal efficiencies for the simulated mass points are given in Tables 14, 15, and 16.
The efficiency for any arbitrary mass point was obtained by linear interpolation between
the three closest simulated points. The analysis described above was also directly applied
to the hA→4b channel, with resulting efficiencies given in Table 17.
In addition to the quoted statistical errors on efficiencies and background estimates,
a systematic error is included, accounting for residual imperfections in the b-tagging
description in the simulation. A conservative value of 5% is assumed (see Figure 30 of
[14]).
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Table 4: Final states with b-quarks. Data to simulation comparison at the preselection
level. The “2000-s” line corresponds to data taken after the failure of TPC sector 6.
4-fermion QCD total bg. data
189 GeV 1144.1 739.6 1883.7 1896
192 GeV 198.3 105.6 303.9 319
196 GeV 595.2 298.2 893.3 919
200 GeV 655.2 312.5 967.7 949
202 GeV 318.2 144.2 462.4 465
2000 1295.1 563.1 1858.2 1826
2000-s 447.5 192.1 639.5 632
all energies 4653.6 2355.2 7008.8 7006
Table 5: Data to simulation comparison for events satisfying b-code > 1.
4-fermion QCD total bg. data
189 GeV 10.8 38.4 49.2 66
192 GeV 1.7 6.0 7.7 6
196 GeV 6.8 15.7 22.5 26
200 GeV 7.2 15.6 22.8 21
202 GeV 3.4 7.6 10.9 7
2000 13.8 25.2 39.1 50
2000-s 5.1 8.7 13.8 14
all energies 48.7 117.3 166.0 190
Table 6: Data to simulation comparison for events satisfying b-code > 3.
4-fermion QCD total bg. data
189 GeV 1.4 1.6 3.0± 0.7 2
192 GeV 0.2 0.5 0.7± 0.3 2
196 GeV 1.1 1.0 2.1± 0.4 2
200 GeV 1.0 1.0 2.0± 0.3 2
202 GeV 0.3 0.5 0.8± 0.2 1
2000 2.1 1.6 3.7± 0.6 10
2000-s 0.6 0.6 1.2± 0.2 1
all energies 6.8 6.9 13.7± 1.8 20
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3.2 The 4τ final state
The final state consists here of four narrow and low multiplicity jets coming from the τ
decays. When at least one Higgs boson mass is lower than ∼30 GeV/c2, the decay τ pair
is often observed as a single jet due to the low angle between the τ leptons. Thus, three
different analyses are designed to maintain a high efficiency over the whole mass range :
a 4-jet, a 3-jet and a 2-jet analysis, described in turn below.
Some criteria are common to all analyses. A charged particle multiplicity between
4 and 8 is required, to reject lepton pairs and hadronic events. Algorithms used in
the lepton identification are the same as those used in the selection of fully-leptonic W
pairs [22]. The four-lepton background is rejected by requiring that the momenta of






The 4-jet analysis is derived from that of the 4τ final state applied in the search
for doubly charged Higgs bosons (see section 3.1 of Ref. [23]), but discarding all mass
requirements. Events are clustered into jets, and each jet is required to be separated from
the others by at least 15 degrees. Only events with four reconstructed jets are accepted. To
improve the reconstruction of the tau energy, the tau momenta were rescaled, imposing
energy and momentum conservation and keeping the tau directions at their measured
values. If any rescaled jet momentum is negative, the event is rejected, as they are
commonly not genuine four-jet events. The two-photon background is reduced by the
following energy and momentum requirements: the momenta of the jets has to be larger
than 0.01
√
s, the visible energy outside a cone of 25◦ around the beam is required to be
greater than 0.15
√
s, and the total neutral energy should be less than 0.35
√
s. After all
cuts only one event is observed in the data, while 1.9 events are expected from background
processes. Efficiencies around 40− 50% are obtained for h and A masses higher than ∼50
GeV/c2. The calculated tau momenta, defined above, are used to reconstruct the Higgs
mass. The charge of the tau jet is calculated as the sum of the charges of the charged
particles. If this value is not ±1, then the charge of the most energetic charged particle
is assumed to be the charge of the τ -jet. The pairing is chosen to minimise the difference
between the two reconstructed Higgs boson masses.
In the 3-jet analysis events with three reconstructed jets are required, with each jet
separated from the others by at least 15 degrees. To reject the two-photon background,
the same criteria explained in the previous analysis are used here. In addition, more cuts
were applied to reduce the remaining Zγ? background. The absolute value of the cosine
of the polar angle of the missing momentum should be smaller than 0.9 and only events
with the polar angle of every jet between 20 degrees and 160 degrees are accepted. For
the signal, the three reconstructed jets are in the same plane. Thus, the sum of the three
angles between the jets, α123, is required to be greater than 357 degrees. Finally, the
smallest jet-jet angle, α1, is required to be greater than 25 degrees. 6 events are selected
in the data, while 6.5 events are expected from the background. The efficiency for mA=4
GeV/c2 and mh greater than 60 GeV/c
2 is about 40%. The final discriminant variable
is the highest resonstructed Higgs boson mass (the other one is considered to be small).
This mass is calculated imposing energy and momentum conservation and fixing the jet
directions. The pairing is chosen as follows. If only one jet has electric charge equal to 0,
the pairing chosen is the opposite jet pair. In other cases, the pairing chosen is the jets
with only one charged particle; or the jets with opposite charge, if the other one has an
10
absolute value of the charge greater than 1. If not, finally, the pairing is chosen as the
jets with nearest rescaled tau momenta and opposite charge.
If an event is not classified in the two previous channels, it can be selected by the 2-jet
analysis. Only events with either four or six charged particles, and total electric charge
zero, are accepted in this analysis. The energy of the neutral particles is added to the
momentum of the nearest charged particle (if the angle between a neutral particle and
the nearest charged particle is greater than 15 degrees, it is not added to any charged
particle). If the charged multiplicity is equal to six, one of the τ -leptons is expected
to decay in a 3-prong mode. The smallest triplet invariant mass should not exceed 1.4
GeV/c2 and its momentum should be greater than 5 GeV. Therefore, events are also
grouped in 4 jets, coming from either the four charged particles or the three charged
particles and the remaining triplet. The two-photon background is reduced requiring
the jet momenta to be larger than 0.005
√
s, and the visible energy outside a cone of




s. In addition, events
with the third smallest jet-jet angle, α3, lower than 70 degrees are rejected. Finally, the
smallest jet polar angle should be between 25 degrees and 155 degrees, and the maximum
jet polar angle is required to be between 50 degrees and 130 degrees. The number of
events selected in data is 6, in agreement with 9.5 events expected from the background.
The efficiency for mA=4 GeV/c
2 and mh=4 GeV/c
2 is 37%. The mass estimation often
fails in this topology, and it is not possible to reconstruct neither the h mass nor the A
mass. Therefore, the final discriminant variable used is the second smallest jet-jet angle,
very correlated with the mass.
The overall efficiency of the final selection in the 4τ topology for simulated mass points
is shown in table 18. Good agreement between the data and the expected background is
observed for each analysis of the total 189-208 GeV sample, as well as the combination
of the three analyses; this is illustrated in Figure 4. 13 events were selected in the data
and 17.9 events were expected from the Standard Model background. Details are shown
in Tables 7, 8 and 9. All results contain statistic and systematic uncertainties added in
quadrature. Systematic uncertainties were evaluated by varying track momenta, jet-jet
angles and particle identification variables in a range given by the residual differences in
their description in data and simulation. They amount to about 2% for signal efficiencies,
and to 10-13% for the background (this last number is dominated by the finite Monte-
Carlo statistics).
3.3 Interpretation : hZ and hA production
Estimation of Higgs boson production with reduced cross sections (compared, for instance,
to those predicted in the MSSM) is of great interest. As said above, in the example of
the general 2HDM, the Higgs doublet mixing angles are free parameters and therefore
the Higgs production cross sections can be highly suppressed. Similarly, although a high
branching fraction of the scalar and pseudoscalar Higgs bosons into a pair of b-quarks is in
principle expected since the Higgs boson tends to decay into the most heavy kinematically
accessible fermion pair, mixing between the Higgs doublets may change this property and
introduce additional suppression.
Higgs boson production is tested using the results of the analyses described above.
For each process, a factor C2 is defined as in the introduction. The mh, mA plane is then
scanned, and at each point the value of C2 excluded at exactly 95% CL is obtained by
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Table 7: 4τ final state. Observed events and expected background along the 4-jet analysis,






Selection data total bkg. llll other ε90/90
Four-jet preselection 59 67.4 44.0 23.4 63.9%
anti γγ 26 31.0 28.9 2.1 55.1%
anti 4-lepton 1 1.9±0.2 1.7 0.2 49.4%
Table 8: 4τ final state. Observed events and expected background along the 3-jet analysis,






Selection data total bkg. llll other ε90/4
Three-jet preselection 199 192.6 39.2 153.4 61.3%
anti 4-lepton 98 100.4 9.6 90.8 53.7%
anti γγ 22 18.4 5.9 12.5 47.9%
α123 and α1 requirements 6 6.6±0.7 2.7 3.9 43.4%
Table 9: 4τ final state. Observed events and expected background along the 2-jet analysis,






Selection data total bkg. llll other ε4/4
τ selection 1358 1331.2 31.3 1299.9 53.0%
anti γγ 517 516.4 14.0 502.4 40.5%
α3 13 15.5 3.7 11.8 39.9%
Jet angular requirements 6 9.5±1.0 1.6 7.9 37.0%
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dichotomy.
Event rates are computed from the cross-sections calculated by the HZHA generator
[11], and using interpolation of the efficiencies listed in the tables given in the Appendix.
The combination of data at different centre-of-mass energies was done assuming normal
evolution of the hA and hZ production cross-section with energy.
Figure 4-a shows the results of the present analysis in the case of hA production
and decay into four b-quarks. A strong sensitivity is obtained both at high mass from
LEP2 data, and in the lower mass region where the LEP1 data contribute significantly.
In the case of no suppression (i.e. full strength production, and 100% branching into
4b, or C24b=1), a triangle is excluded roughly given by mh, mA > 11 GeV, and mh +
mA < 170 GeV. When the suppression factor is smaller than 5%, the remaining excluded
region is obtained essentially from LEP1 data. The results given in Table 22 also include
the DELPHI 4b results obtained in the context of MSSM searches [21] and profit from
improved exclusions in the regions mh ∼ mA.
Figure 4-b shows similar results in the hA→4τ channel. This very sensitive search
allows to exclude the full mass range above the ττ threshold, in the case of no suppression.
Even when C24τ ∼0.1-0.2, large portions of the mass domain remain excluded.
Results on topologies with six b-quarks, originating from hA production with inter-
mediary decay of the h boson into two A bosons, are displayed in Figure 4-c. The high
number of b-quarks in the final state makes the search sensitive even for small suppression
factors.
Production of four b-quarks in association with a hadronic Z decay through the process
hZ→(AA)Z, is constrained in Figure 4-d. The covered mh range is bounded from above
because of the high mass of the associated Z boson. In the case of no suppression (in
other words, if this channel is dominant), the present analysis constrains the h mass to
be above 105 GeV.
The similar hA→h(hZ) process was found to be unconstrained by the present work.
The reasons are that the hA cross-section decreases much faster than the hZ cross-section
when approaching the kinematic limit, leading to reduced sensitivity. Besides, the appar-
ent excess observed in the data taken in the first period of 2000 (see Table 6), although
not confirmed by the other samples, is enough to forbid any exclusion in this channel.
These results also apply to the (AZ)A process, as described in section 1.1.
For all these topologies, the tables given in the appendix provide explicit upper bounds
on the corresponding C2 factors.
4 Conclusions
Relying extensively on a multi-purpose b-tagging analysis, searches for Higgs production
have been performed in various channels, using the data recorded by DELPHI at LEP2.
The much studied hA→4b channel has been revisited and gained extended sensitivity
towards large h and A mass differences. The decay h→AA was also considered and
searched for in hA and hZ production. In these three cases large portions of the mh-mA
plane are excluded, depending on a global suppression factor. The decay A→hZ was also
studied but unconstrained.
Four-b final states were also studied at LEP1, in the hA channel and most importantly
in the Yukawa channels. The results of the hA channel allowed to contribute to the
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coverage of the mh-mA plane at low masses. The Yukawa search allowed to constrain
tightly the enhancement of the h and A coupling to b-quarks for a large mass range of
these bosons.
For Higgs boson masses below the 2mb threshold, τ decays play a prominent role. The
2b2τ topology was investigated for both Yukawa and pair production.
Finally, models where different Higgs doublets couple preferably to quarks or to leptons
will predict dominant heavy-lepton decays. The hA→ 4τ channel was investigated and
strongly constrained by the present analysis.
The emphasis of this work is set on the model-independence of the results. All results
are presented in a form that allows their reinterpretation in a large class of scalar sector
models.
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Figure 3: Data to simulation comparison for two relevant variables used in the Yukawa
4b analysis. On top of the dark histogram, representing standard qq¯ background with
gbb = 1.5 10
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Figure 4: Data to simulation comparison for some variables used in the bbττ analysis.
On the left, the dark histograms represent the standard qq¯ background, and the light
histograms represent the qqll (l=e, µ, τ) contribution. The empty histograms on the
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Figure 6: Data to simulation comparison for some variables used in the LEP2 b-code
analysis. On the left, the dark histograms show the standard 4-fermion background, and
the light histograms represent the qq¯ contribution. The empty histograms on the right
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Figure 7: Data to simulation comparison for the discriminant variables used in the 4τ
analyses. The light histograms represent the 4-lepton process, and the dark histograms
represent the remaining 2- and 4-fermion processes. The empty histograms on the right
show unnormalized distributions for typical signals (mh, mA= 90,90, 90,4, and 4,4 GeV
































































(AA)Z → 4 b-quarks,
2 jets (d)
Figure 8: Excluded regions in the mh −mA plane. Upper left: hA→4b; upper right:
hA→4τ ; lower left: (AA)A→6b; lower right: (AA)Z→4b2q. The three embedded closed
regions correspond to excluded couplings of 1, 0.5, and 0.25 respectively, except in the
hA→4b case (which includes LEP1 results), where the innermost region corresponds to
couplings smaller than 0.05.
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A Efficiencies
Table 10: Signal efficiencies in the bb¯h(A), h(A) → bb¯ channel.
mass (GeV) 3-jet eff. (%) 4-jet eff. (%)
bin 1 bin 2 bin 1 bin 2
mh = 11 0.5± 0.1 1.2± 0.2 0.4± 0.1 0.5± 0.1
13 0.6± 0.1 0.7± 0.1 0.7± 0.1 0.4± 0.1
15 0.4± 0.1 0.8± 0.1 0.9± 0.1 1.1± 0.1
20 0.5± 0.1 1.0± 0.1 1.1± 0.2 1.5± 0.2
30 0.7± 0.1 1.2± 0.2 1.8± 0.2 2.1± 0.2
40 0.6± 0.1 1.5± 0.2 1.8± 0.2 2.4± 0.2
50 0.6± 0.1 0.9± 0.1 1.3± 0.2 1.8± 0.2
60 0.3± 0.1 0.7± 0.1 1.0± 0.1 1.0± 0.1
70 0.4± 0.1 0.5± 0.1 0.3± 0.1 0.3± 0.1
mA = 11 0.6± 0.1 1.4± 0.2 0.9± 0.1 0.5± 0.1
13 0.5± 0.1 1.3± 0.2 0.8± 0.1 0.7± 0.1
15 0.5± 0.1 1.0± 0.1 1.1± 0.2 1.3± 0.2
20 0.5± 0.1 1.1± 0.2 1.4± 0.2 1.8± 0.2
30 0.5± 0.1 1.3± 0.2 1.7± 0.2 2.2± 0.2
40 0.4± 0.1 1.5± 0.2 1.8± 0.2 2.2± 0.2
50 0.5± 0.1 1.1± 0.1 1.7± 0.2 1.8± 0.2
60 0.4± 0.1 1.0± 0.1 0.8± 0.1 1.2± 0.2
70 0.1± 0.1 0.4± 0.1 0.2± 0.1 0.2± 0.1
Table 11: Signal efficiencies in the bb¯h(A), h(A) → τ+τ− channel.
mass (GeV) efficiency mass (GeV) efficiency
mh (%) mA (%)
4 0.8 ± 0.0 4 1.0 ± 0.1
7 1.1 ± 0.1 7 1.4 ± 0.1
9 1.3 ± 0.1 9 1.8 ± 0.1
10 1.5 ± 0.1 10 1.8 ± 0.1
12 1.6 ± 0.1 12 1.7 ± 0.1
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Table 12: Signal efficiencies in the hA → bb¯bb¯ channel at LEP1.
mass (GeV) 3-jet eff. (%) 4-jet eff. (%)
mA mh bin 1 bin 2 bin 1 bin 2
12 12 0 0.1± 0.1 0 0
12 20 0.8± 0.1 1.8± 0.2 1.2± 0.1 1.2± 0.1
12 30 0.9± 0.1 1.9± 0.2 1.5± 0.1 1.3± 0.1
12 40 0.9± 0.1 2.0± 0.2 1.5± 0.1 1.2± 0.1
12 50 1.0± 0.1 1.9± 0.2 1.3± 0.1 1.2± 0.1
12 60 0.7± 0.1 1.5± 0.1 0.8± 0.1 0.8± 0.1
12 70 0.4± 0.1 0.7± 0.1 0.4± 0.1 0.3± 0.1
20 12 0.8± 0.1 1.5± 0.2 1.2± 0.1 1.0± 0.1
20 20 0.9± 0.1 2.0± 0.2 2.4± 0.2 3.4± 0.2
20 30 1.0± 0.1 1.7± 0.2 2.3± 0.2 3.8± 0.3
20 40 0.6± 0.1 1.3± 0.1 1.9± 0.2 2.1± 0.2
20 50 0.7± 0.1 1.3± 0.2 1.5± 0.2 2.2± 0.2
20 60 0.7± 0.1 1.1± 0.1 1.3± 0.1 1.1± 0.1
30 12 0.9± 0.1 2.1± 0.2 1.5± 0.1 1.5± 0.1
30 20 0.8± 0.1 1.5± 0.1 2.5± 0.2 3.1± 0.2
30 30 0.7± 0.1 1.8± 0.2 2.0± 0.2 2.7± 0.2
30 40 0.6± 0.1 1.1± 0.1 1.6± 0.2 2.2± 0.2
30 50 0.4± 0.1 1.3± 0.1 1.7± 0.2 2.2± 0.2
40 12 1.0± 0.1 1.6± 0.2 1.2± 0.1 1.0± 0.1
40 20 0.8± 0.1 1.3± 0.1 1.7± 0.2 2.8± 0.2
40 30 0.6± 0.1 1.3± 0.1 1.6± 0.2 2.6± 0.2
40 40 0.6± 0.1 1.1± 0.1 1.8± 0.2 2.0± 0.2
50 12 1.0± 0.1 2.0± 0.2 1.3± 0.1 1.1± 0.1
50 20 0.6± 0.1 1.4± 0.1 1.6± 0.2 1.8± 0.2
50 30 0.3± 0.1 1.2± 0.1 1.7± 0.2 2.0± 0.2
60 12 0.9± 0.1 1.5± 0.1 0.9± 0.1 0.8± 0.1
60 20 0.6± 0.1 1.1± 0.1 1.2± 0.1 1.2± 0.1
70 12 0.4± 0.1 0.7± 0.1 0.4± 0.1 0.3± 0.1
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Table 13: Signal efficiencies in the hA → bb¯τ+τ− channel at LEP1.
mass (GeV) efficiency mass (GeV) efficiency
mA mh (%) mA mh (%)
4 12 0. 12 4 0.
4 20 2.1± 0.3 20 4 1.9±0.3
4 30 2.3± 0.3 30 4 2.0±0.3
4 40 2.6± 0.4 40 4 2.0±0.3
4 50 1.4± 0.3 50 4 1.6±0.3
4 60 1.8± 0.3 60 4 2.2±0.3
4 70 1.3± 0.3 70 4 0.9±0.2
6 12 0. 12 6 0
6 20 2.2± 0.3 20 6 2.0±0.3
6 30 3.1± 0.4 30 6 3.0±0.4
6 40 2.6± 0.4 40 6 2.8±0.4
6 50 2.5± 0.4 50 6 2.2±0.3
6 60 3.1± 0.4 60 6 2.5±0.4
6 70 1.6± 0.3 70 6 1.0±0.2
9 12 0. 12 9 0.
9 20 2.9± 0.4 20 9 2.7±0.4
9 30 3.0± 0.4 30 9 3.4±0.4
9 40 3.4± 0.4 40 9 3.0±0.4
9 50 2.3± 0.4 50 9 2.9±0.4
9 60 2.4± 0.4 60 9 1.8±0.3
9 70 1.1± 0.3 70 9 0.8±0.2
12 12 0. 12 12 0
12 20 2.9± 0.4 20 12 2.6±0.4
12 30 2.3± 0.3 30 12 2.4±0.4
12 40 2.6± 0.4 40 12 2.0±0.3
12 50 2.4± 0.3 50 12 2.4±0.4
12 60 2.0± 0.3 60 12 1.9±0.3
12 70 0.4± 0.2 70 12 0.5±0.2
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Table 14: Signal efficiencies (%) in the hA → (AA)A → 6b channel.
mass (GeV) efficiencies (b-code > 3) at energy (GeV)
mA mh 198 192 196 200 206
12 70 27.1± 1.6 26.9± 1.6 27.4± 1.7 27.3± 1.7 26.6± 1.6
12 90 44.2± 2.1 44.0± 2.1 44.1± 2.1 42.3± 2.1 41.8± 2.0
12 110 47.9± 2.2 48.1± 2.2 48.8± 2.2 49.6± 2.2 49.0± 2.2
12 130 42.8± 2.1 43.4± 2.1 44.4± 2.1 44.1± 2.1 44.0± 2.1
12 150 36.3± 1.9 38.1± 2.0 39.7± 2.0 41.0± 2.0 42.4± 2.1
12 170 4.2± 0.7 4.6± 0.7 5.9± 0.8 11.3± 1.1 22.7± 1.5
30 70 49.1± 2.2 49.6± 2.3 48.5± 2.2 49.0± 2.2 48.8± 2.2
30 90 52.5± 2.3 53.2± 2.3 53.7± 2.3 53.7± 2.3 53.7± 2.3
30 110 54.3± 2.3 54.2± 2.3 54.4± 2.3 54.5± 2.3 54.5± 2.3
30 130 53.2± 2.3 53.9± 2.3 53.9± 2.3 53.7± 2.3 53.6± 2.3
30 150 50.1± 2.3 49.8± 2.3 50.4± 2.3 51.0± 2.3 51.0± 2.3
50 110 56.3± 2.4 56.9± 2.4 57.9± 2.4 57.9± 2.4 57.9± 2.4
50 130 57.0± 2.4 57.9± 2.4 58.4± 2.4 58.5± 2.4 58.6± 2.4
Table 15: Signal efficiencies (%) in the hZ → (AA)Z → 4b2q channel.
mass (GeV) efficiencies (b-code > 3) at energy (GeV)
mA mh 198 192 196 200 206
12 30 6.9± 0.8 7.7± 0.9 8.3± 0.9 7.6± 0.9 8.3± 0.9
12 50 13.8± 1.2 13.8± 1.2 14.7± 1.2 14.8± 1.2 14.7± 1.2
12 70 20.7± 1.4 20.3± 1.4 19.9± 1.4 19.8± 1.4 20.2± 1.4
12 90 20.9± 1.4 21.8± 1.5 20.9± 1.4 21.0± 1.4 21.1± 1.5
12 105 23.0± 1.5 23.7± 1.5
20 50 13.0± 1.1 12.3± 1.1 12.2± 1.1 12.3± 1.1 12.3± 1.1
20 70 14.4± 1.2 14.4± 1.2 13.8± 1.2 13.8± 1.2 13.7± 1.2
20 90 19.0± 1.4 18.9± 1.4 18.4± 1.4 18.5± 1.4 18.4± 1.4
20 105 19.4± 1.4 21.1± 1.5
30 70 16.8± 1.3 17.0± 1.3 15.5± 1.3 15.6± 1.3 15.5± 1.3
30 90 21.9± 1.5 22.3± 1.5 22.2± 1.5 22.3± 1.5 22.3± 1.5
30 105 24.8± 1.6 24.8± 1.6
40 90 22.1± 1.6 22.4± 1.6 22.2± 1.6 22.3± 1.6 22.3± 1.6
40 105 26.1± 1.7 25.4± 1.7
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Table 16: Signal efficiencies (%) in the hA → h(hZ) → 4b2q channel.
mass (GeV) efficiencies (b-code > 3) at energy (GeV)
mA mh 198 192 196 200 206
12 110 10.6± 1.0 10.6± 1.0 10.5± 1.0 10.6± 1.0 10.5± 1.0
12 130 14.6± 1.2 14.5± 1.2 14.8± 1.2 14.6± 1.2 15.4± 1.3
12 150 14.3± 1.2 14.1± 1.2 14.3± 1.2 14.9± 1.2 15.4± 1.3
12 170 10.8± 1.1 12.6± 1.2 13.5± 1.3 13.9± 1.3 14.2± 1.3
30 130 15.1± 1.3 15.1± 1.3 15.4± 1.3 15.7± 1.3 15.6± 1.3
30 150 15.8± 1.3 15.6± 1.3 16.0± 1.3 16.2± 1.3 16.2± 1.3
Table 17: Signal efficiencies (%) in the hA → bb¯bb¯ channel at LEP2.
mass (GeV) efficiencies (b-code > 3) at energy (GeV)
mA mh 198 192 196 200 206
12 50 2.5± 0.5 2.0± 0.4 1.6± 0.4 1.3± 0.4 1.3± 0.4
12 70 15.7± 1.3 15.3± 1.2 15.4± 1.2 15.4± 1.2 14.5± 1.2
12 90 25.4± 1.6 25.0± 1.6 24.8± 1.6 24.5± 1.6 23.6± 1.6
12 110 30.7± 1.8 31.8± 1.8 31.7± 1.8 31.4± 1.8 30.9± 1.8
12 130 30.5± 1.7 31.1± 1.8 30.6± 1.7 31.8± 1.8 31.3± 1.8
12 150 23.1± 1.5 23.8± 1.5 24.2± 1.6 25.2± 1.6 26.3± 1.6
12 170 8.6± 0.9 10.0± 1.0 11.7± 1.1 14.5± 1.2 17.1± 1.3
30 30 3.0± 0.5 3.0± 0.5 2.9± 0.5 2.8± 0.5 2.9± 0.5
30 50 16.0± 1.3 15.8± 1.3 15.2± 1.2 14.5± 1.2 14.1± 1.2
30 70 30.3± 1.7 30.4± 1.7 30.8± 1.8 30.3± 1.7 29.5± 1.7
30 90 35.1± 1.9 35.7± 1.9 35.0± 1.9 35.2± 1.9 35.3± 1.9
30 110 35.2± 1.9 35.6± 1.9 35.4± 1.9 34.6± 1.9 34.9± 1.9
30 130 31.9± 1.8 32.9± 1.8 33.7± 1.8 33.6± 1.8 34.3± 1.9
30 150 24.0± 1.5 26.4± 1.6 27.4± 1.7 27.0± 1.6 27.2± 1.6
50 50 33.7± 1.8 33.8± 1.8 33.7± 1.8 34.1± 1.8 33.5± 1.8
50 70 33.1± 1.8 33.7± 1.8 32.9± 1.8 32.8± 1.8 33.4± 1.8
50 90 37.4± 1.9 37.9± 1.9 38.7± 2.0 38.9± 2.0 39.2± 2.0
50 110 37.3± 1.9 37.3± 1.9 37.5± 1.9 37.3± 1.9 36.8± 1.9
50 130 31.8± 1.8 33.1± 1.8 34.4± 1.9 33.8± 1.8 34.7± 1.9
70 70 36.8± 1.9 37.3± 1.9 37.4± 1.9 37.5± 1.9 37.9± 1.9
70 90 41.2± 2.0 41.5± 2.0 41.7± 2.0 42.1± 2.1 42.5± 2.1
70 110 37.4± 1.9 37.9± 1.9 38.9± 2.0 38.3± 2.0 38.9± 2.0
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Table 18: Signal efficiencies (%) in the hA → 4τ channel, at √s=200 GeV.
mass (GeV) Analysis efficiencies (%):
mA mh 4-jet 3-jet 2-jet Combined
4 4 0 0 37.0± 2.3 37.1
15 4 0 0 29.0± 2.2 30.0
35 4 0 10.6± 2.1 15.8± 2.2 26.5
50 4 0 11.9± 2.1 11.7± 2.1 23.7
70 4 0 28.4± 2.2 6.3± 2.1 34.9
90 4 0 43.4± 2.3 5.7± 2.1 49.4
125 4 0 44.7± 2.3 3.1± 2.0 48.3
170 4 4.0± 2.0 23.5± 2.2 4.7± 2.1 32.1
15 15 3.5± 2.0 0 19.1± 2.2 22.7
35 15 5.9± 2.1 0 14.3± 2.2 21.0
50 15 10.3± 2.1 0 12.9± 2.1 24.9
70 15 26.1± 2.2 2.3± 2.0 12.1± 2.1 40.5
90 15 32.7± 2.3 3.1± 2.0 11.3± 2.1 47.1
125 15 32.3± 2.3 2.2± 2.0 7.8± 2.1 42.3
170 15 18.1± 2.2 4.1± 2.0 8.4± 2.1 30.6
35 35 13.3± 2.1 0 12.7± 2.1 26.0
50 35 26.4± 2.2 0 11.3± 2.1 37.7
70 35 39.0± 2.3 0 10.4± 2.1 49.4
90 35 41.1± 2.3 2.3± 2.0 9.0± 2.1 52.4
125 35 38.6± 2.3 2.3± 2.0 7.6± 2.1 48.5
150 35 37.2± 2.3 3.0± 2.0 6.9± 2.1 47.1
50 50 38.7± 2.3 0 10.4± 2.1 50.3
70 50 43.5± 2.3 2.6± 2.0 9.2± 2.1 55.1
90 50 42.9± 2.3 2.6± 2.0 7.6± 2.1 53.1
135 50 43.2± 2.3 2.6± 2.0 6.1± 2.1 51.9
70 70 45.5± 2.3 2.5± 2.0 7.3± 2.1 55.3
90 70 49.5± 2.3 2.8± 2.0 5.4± 2.1 57.7
115 70 49.7± 2.3 3.5± 2.0 5.1± 2.1 58.3
90 90 49.4± 2.3 4.0± 2.1 5.2± 2.1 58.6
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B Excluded couplings per process
This appendix contains tables of excluded couplings and suppression factors as functions
of the involved Higgs boson masses, for all processes considered in this work. For processes
involving two masses, the granularity has been reduced in order to limit the tables size.
FORTRAN routines containing the complete information can be obtained from the DELPHI
collaboration on request.
Note that for the Yukawa process the results are given at the matrix element level
rather than at the cross-section level (i.e. C instead of C2); for all other cases the C2
factors are listed.
Table 19: Upper bounds on C factors in the Yukawa bbττ channel. The radiated Higgs
boson is scalar (first line) or pseudo-scalar (second line).
mh,A 4 7 9.5 10 12
Ch→2τ 11.2 11.5 12.9 12.3 40.7
CA→2τ 13.1 12.9 13.5 14.5 66.0
Table 20: Upper bounds on C factors in the Yukawa bbbb channel. The radiated Higgs
boson is scalar (first line) or pseudo-scalar (second line).
mh,A 12 15 20 30 40 50
Ch→2b 20.9 18.6 20.8 29.7 49.1 108.4
CA→2b 19.0 19.2 21.3 32.0 56.1 115.8
Table 21: Upper bounds on C2 factors in the hA → bbττ channel. Masses are in GeV/c2.
m1 m2 C
2
2b2τ m1 m2 C
2
2b2τ m1 m2 C
2
2b2τ
11 4 ≥1 60 6 0.021 40 10 0.006
20 4 0.005 70 6 0.016 50 10 0.013
30 4 0.006 11 8 ≥1 60 10 0.029
40 4 0.007 20 8 0.004 70 10 0.029
50 4 0.021 30 8 0.004 11 12 ≥1
60 4 0.038 40 8 0.006 20 12 0.004
70 4 0.183 50 8 0.014 30 12 0.006
11 6 ≥1 60 8 0.025 40 12 0.007
20 6 0.005 70 8 0.020 50 12 0.014
30 6 0.005 11 10 ≥1 60 12 0.032
40 6 0.007 20 10 0.003 70 12 0.061
50 6 0.012 30 10 0.005
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Table 22: Upper bounds on C2 factors in the hA → 4b channel. For each mass point
the result of the most performant analysis is given (among the LEP1 and LEP2 analyses
presentend here, and the 4b analysis of [21]). Masses are in GeV/c2.
m1 m2 C24b m1 m2 C
2
4b




11 11 0.062 130 15 ≥1 45 30 0.018 105 40 0.576 75 60 0.110
15 11 0.010 20 20 0.003 50 30 0.033 110 40 0.714 80 60 0.097
20 11 0.004 25 20 0.003 55 30 0.227 115 40 0.907 85 60 0.153
25 11 0.004 30 20 0.003 60 30 0.237 120 40 ≥1 90 60 0.531
30 11 0.004 35 20 0.005 65 30 0.241 45 45 0.105 95 60 0.669
35 11 0.005 40 20 0.008 70 30 0.230 50 45 0.072 100 60 0.879
40 11 0.007 45 20 0.010 75 30 0.250 55 45 0.072 105 60 ≥1
45 11 0.008 50 20 0.013 80 30 0.264 60 45 0.082 65 65 0.141
50 11 0.011 55 20 0.024 85 30 0.292 65 45 0.094 70 65 0.145
55 11 0.016 60 20 0.053 90 30 0.313 70 45 0.131 75 65 0.127
60 11 0.027 65 20 0.259 95 30 0.362 75 45 0.295 80 65 0.111
65 11 0.067 70 20 0.274 100 30 0.413 80 45 0.318 85 65 0.162
70 11 0.262 75 20 0.300 105 30 0.488 85 45 0.352 90 65 0.160
75 11 0.349 80 20 0.315 110 30 0.575 90 45 0.382 95 65 0.816
80 11 0.359 85 20 0.312 115 30 0.711 95 45 0.457 100 65 ≥1
85 11 0.366 90 20 0.331 120 30 0.876 100 45 0.537 70 70 0.183
90 11 0.368 95 20 0.378 125 30 ≥1 105 45 0.663 75 70 0.139
95 11 0.402 100 20 0.435 35 35 0.011 110 45 0.822 80 70 0.127
100 11 0.426 105 20 0.449 40 35 0.016 115 45 ≥1 85 70 0.190
105 11 0.469 110 20 0.528 45 35 0.030 50 50 0.083 90 70 0.186
110 11 0.505 115 20 0.646 50 35 0.208 55 50 0.069 95 70 0.305
115 11 0.609 120 20 0.775 55 35 0.282 60 50 0.088 100 70 ≥1
120 11 0.703 125 20 0.938 60 35 0.224 65 50 0.101 75 75 0.135
125 11 0.870 130 20 ≥1 65 35 0.220 70 50 0.150 80 75 0.154
130 11 ≥1 25 25 0.004 70 35 0.244 75 50 0.094 85 75 0.235
15 15 0.006 30 25 0.004 75 35 0.262 80 50 0.335 90 75 0.235
20 15 0.004 35 25 0.006 80 35 0.278 85 50 0.371 95 75 0.414
25 15 0.004 40 25 0.009 85 35 0.308 90 50 0.415 100 75 0.650
30 15 0.004 45 25 0.013 90 35 0.333 95 50 0.497 105 75 5.000
35 15 0.006 50 25 0.020 95 35 0.387 100 50 0.609 80 80 0.166
40 15 0.007 55 25 0.044 100 35 0.446 105 50 0.756 85 80 0.293
45 15 0.009 60 25 0.243 105 35 0.528 110 50 0.957 90 80 0.301
50 15 0.012 65 25 0.269 110 35 0.637 115 50 ≥1 95 80 0.539
55 15 0.019 70 25 0.254 115 35 0.804 55 55 0.079 100 80 0.850
60 15 0.033 75 25 0.274 120 35 ≥1 60 55 0.082 105 80 ≥1
65 15 0.095 80 25 0.277 40 40 0.027 65 55 0.112 85 85 0.280
70 15 0.294 85 25 0.299 45 40 0.205 70 55 0.164 90 85 0.412
75 15 0.344 90 25 0.322 50 40 0.213 75 55 0.099 95 85 0.758
80 15 0.345 95 25 0.368 55 40 0.252 80 55 0.135 100 85 ≥1
85 15 0.353 100 25 0.397 60 40 0.229 85 55 0.412 90 90 0.796
90 15 0.358 105 25 0.465 65 40 0.228 90 55 0.470 95 90 ≥1
95 15 0.395 110 25 0.542 70 40 0.254 95 55 0.566 95 95 ≥1
100 15 0.430 115 25 0.669 75 40 0.273 100 55 0.718
105 15 0.466 120 25 0.804 80 40 0.315 105 55 0.898
110 15 0.515 125 25 ≥1 85 40 0.321 110 55 ≥1
115 15 0.615 30 30 0.005 90 40 0.354 60 60 0.107
120 15 0.739 35 30 0.007 95 40 0.408 65 60 0.115
125 15 0.900 40 30 0.012 100 40 0.486 70 60 0.183
30
Table 23: Upper bounds on C2 factors in the hA → 6b channel. Masses are in GeV/c2.
m1 m2 C26b m1 m2 C
2
6b




25 11 ≥1 60 15 0.169 105 20 0.294 75 30 0.165 95 40 0.273
30 11 ≥1 65 15 0.179 110 20 0.333 80 30 0.175 100 40 0.320
35 11 ≥1 70 15 0.178 115 20 0.390 85 30 0.194 105 40 0.365
40 11 0.879 75 15 0.214 120 20 0.474 90 30 0.210 110 40 0.440
45 11 0.701 80 15 0.211 125 20 0.593 95 30 0.234 115 40 0.535
50 11 0.625 85 15 0.213 130 20 0.723 100 30 0.270 120 40 0.699
55 11 0.256 90 15 0.215 135 20 0.938 105 30 0.313 125 40 0.866
60 11 0.189 95 15 0.242 140 20 ≥1 110 30 0.361 130 40 ≥1
65 11 0.183 100 15 0.265 50 25 0.111 115 30 0.428 90 45 0.264
70 11 0.181 105 15 0.296 55 25 0.129 120 30 0.524 95 45 0.300
75 11 0.209 110 15 0.327 60 25 0.134 125 30 0.654 100 45 0.349
80 11 0.213 115 15 0.391 65 25 0.169 130 30 0.826 105 45 0.410
85 11 0.217 120 15 0.471 70 25 0.161 135 30 ≥1 110 45 0.493
90 11 0.218 125 15 0.571 75 25 0.178 70 35 0.159 115 45 0.616
95 11 0.240 130 15 0.733 80 25 0.176 75 35 0.168 120 45 0.786
100 11 0.261 135 15 0.898 85 25 0.193 80 35 0.189 125 45 ≥1
105 11 0.292 140 15 ≥1 90 25 0.211 85 35 0.206 100 50 0.391
110 11 0.322 40 20 0.547 95 25 0.235 90 35 0.226 105 50 0.469
115 11 0.390 45 20 0.155 100 25 0.261 95 35 0.253 110 50 0.571
120 11 0.466 50 20 0.098 105 25 0.299 100 35 0.289 115 50 0.733
125 11 0.586 55 20 0.125 110 25 0.339 105 35 0.335 120 50 0.956
130 11 0.725 60 20 0.146 115 25 0.410 110 35 0.396 125 50 ≥1
135 11 0.922 65 20 0.168 120 25 0.503 115 35 0.478 110 55 0.688
140 11 ≥1 70 20 0.173 125 25 0.614 120 35 0.581 115 55 0.907
30 15 ≥1 75 20 0.193 130 25 0.764 125 35 0.736 120 55 ≥1
35 15 ≥1 80 20 0.206 135 25 0.997 130 35 0.949 120 60 ≥1
40 15 0.713 85 20 0.191 140 25 ≥1 135 35 ≥1
45 15 0.177 90 20 0.210 60 30 0.141 80 40 0.195
50 15 0.195 95 20 0.234 65 30 0.150 85 40 0.216
55 15 0.202 100 20 0.265 70 30 0.149 90 40 0.299
Table 24: Upper bounds on C2 factors in the hZ → 4b2q channel. Masses are in GeV/c2,
and suppression is relative to the maximal allowed σ×BR.
m1 m2 C24b2q m1 m2 C
2
4b2q




25 11 ≥1 40 15 0.191 65 20 0.215 100 25 0.596 100 35 0.540
30 11 0.226 45 15 0.176 70 20 0.232 105 25 0.820 105 35 0.752
35 11 0.195 50 15 0.164 75 20 0.240 110 25 ≥1 110 35 ≥1
40 11 0.175 55 15 0.172 80 20 0.257 60 30 0.181 80 40 0.204
45 11 0.164 60 15 0.173 85 20 0.282 65 30 0.192 85 40 0.232
50 11 0.152 65 15 0.167 90 20 0.329 70 30 0.203 90 40 0.274
55 11 0.151 70 15 0.183 95 20 0.481 75 30 0.208 95 40 0.400
60 11 0.151 75 15 0.192 100 20 0.657 80 30 0.216 100 40 0.522
65 11 0.157 80 15 0.211 105 20 0.918 85 30 0.235 105 40 0.742
70 11 0.160 85 15 0.261 110 20 ≥1 90 30 0.272 110 40 ≥1
75 11 0.181 90 15 0.303 50 25 0.177 95 30 0.403 90 45 0.350
80 11 0.203 95 15 0.442 55 25 0.183 100 30 0.535 95 45 0.411
85 11 0.239 100 15 0.605 60 25 0.190 105 30 0.760 100 45 ≥1
90 11 0.295 105 15 0.829 65 25 0.203 110 30 ≥1 100 50 ≥1
95 11 0.431 110 15 ≥1 70 25 0.217 70 35 0.190 110 55 ≥1
100 11 0.571 40 20 0.187 75 25 0.221 75 35 0.200
105 11 0.791 45 20 0.186 80 25 0.227 80 35 0.207
110 11 ≥1 50 20 0.186 85 25 0.259 85 35 0.237
30 15 0.212 55 20 0.190 90 25 0.293 90 35 0.272
35 15 0.205 60 20 0.200 95 25 0.441 95 35 0.396
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Table 25: Upper bounds on C2 factors in the hA → 4τ channel. For each mass point, the
result is obtained by combining the 2-jet, 3-jet and 4-jet analyses. Masses are in GeV/c2.
m1 m2 C24τ m1 m2 C
2
4τ m1 m2 C
2
4τ m1 m2 C
2
4τ m1 m2 C
2
4τ
5 5 0.007 140 10 0.466 140 20 0.419 45 35 0.033 60 50 0.045
10 5 0.008 145 10 0.625 145 20 0.584 50 35 0.037 65 50 0.048
15 5 0.010 150 10 0.817 150 20 0.848 55 35 0.044 70 50 0.052
20 5 0.011 155 10 ≥1 155 20 ≥1 60 35 0.045 80 50 0.065
25 5 0.014 15 15 0.014 25 25 0.020 65 35 0.045 90 50 0.086
30 5 0.016 20 15 0.015 30 25 0.021 70 35 0.046 100 50 0.114
35 5 0.019 25 15 0.017 35 25 0.023 80 35 0.054 110 50 0.181
40 5 0.022 30 15 0.018 40 25 0.022 90 35 0.066 115 50 0.232
45 5 0.028 35 15 0.022 45 25 0.028 100 35 0.089 120 50 0.303
50 5 0.033 40 15 0.023 50 25 0.029 110 35 0.126 125 50 0.424
55 5 0.038 45 15 0.027 55 25 0.036 115 35 0.153 130 50 0.632
60 5 0.042 50 15 0.029 60 25 0.046 120 35 0.192 55 55 0.047
65 5 0.050 55 15 0.033 65 25 0.048 125 35 0.245 60 55 0.049
70 5 0.058 60 15 0.034 70 25 0.048 130 35 0.319 65 55 0.051
80 5 0.077 65 15 0.042 80 25 0.063 135 35 0.437 70 55 0.056
90 5 0.085 70 15 0.046 90 25 0.065 140 35 0.619 80 55 0.072
100 5 0.109 80 15 0.059 100 25 0.085 40 40 0.029 90 55 0.094
110 5 0.140 90 15 0.066 110 25 0.114 45 40 0.037 100 55 0.132
115 5 0.161 100 15 0.085 115 25 0.134 50 40 0.041 110 55 0.210
120 5 0.187 110 15 0.114 120 25 0.163 55 40 0.046 115 55 0.283
125 5 0.220 115 15 0.132 125 25 0.204 60 40 0.043 120 55 0.389
130 5 0.274 120 15 0.155 130 25 0.255 65 40 0.044 60 60 0.053
135 5 0.341 125 15 0.191 135 25 0.330 70 40 0.047 65 60 0.056
140 5 0.441 130 15 0.270 140 25 0.472 80 40 0.058 70 60 0.061
145 5 0.581 135 15 0.312 145 25 0.639 90 40 0.071 80 60 0.078
150 5 0.792 140 15 0.414 150 25 ≥1 100 40 0.096 90 60 0.106
155 5 ≥1 145 15 0.571 30 30 0.020 110 40 0.141 100 60 0.154
10 10 0.010 150 15 0.798 35 30 0.024 115 40 0.169 110 60 0.259
15 10 0.012 155 15 ≥1 40 30 0.026 120 40 0.211 115 60 0.360
20 10 0.013 20 20 0.014 45 30 0.028 125 40 0.280 120 60 0.525
25 10 0.016 25 20 0.017 50 30 0.031 130 40 0.378 65 65 0.063
30 10 0.018 30 20 0.020 55 30 0.039 135 40 0.536 70 65 0.067
35 10 0.021 35 20 0.022 60 30 0.044 140 40 0.811 80 65 0.087
40 10 0.022 40 20 0.023 65 30 0.046 45 45 0.043 90 65 0.122
45 10 0.029 45 20 0.027 70 30 0.046 50 45 0.042 100 65 0.187
50 10 0.032 50 20 0.028 80 30 0.054 55 45 0.044 110 65 0.332
55 10 0.033 55 20 0.033 90 30 0.065 60 45 0.044 70 70 0.076
60 10 0.042 60 20 0.036 100 30 0.085 65 45 0.046 80 70 0.100
65 10 0.048 65 20 0.043 110 30 0.118 70 45 0.050 90 70 0.141
70 10 0.052 70 20 0.048 115 30 0.143 80 45 0.060 100 70 0.231
80 10 0.072 80 20 0.058 120 30 0.174 90 45 0.079 110 70 0.460
90 10 0.082 90 20 0.065 125 30 0.220 100 45 0.107 80 80 0.143
100 10 0.105 100 20 0.085 130 30 0.279 110 45 0.159 90 80 0.223
110 10 0.136 110 20 0.114 135 30 0.369 115 45 0.198 100 80 0.439
115 10 0.161 115 20 0.134 140 30 0.504 120 45 0.249 90 90 0.433
120 10 0.187 120 20 0.159 145 30 0.757 125 45 0.342
125 10 0.224 125 20 0.193 150 30 ≥1 130 45 0.473
130 10 0.281 130 20 0.239 35 35 0.028 50 50 0.041
135 10 0.363 135 20 0.342 40 35 0.028 55 50 0.043
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